Abstract-Piezoelectric materials provide one approach for converting mechanical to electrical energy and can therefore be used to harvest energy from ambient vibration sources. Typically, piezoelectric materials are fabricated onto thin substrates, such as aluminum and stainless steel. These serve as mechanical support platforms to function as a cantilever beam structure. The platforms, however, are non-electro-active and they do not contribute directly to the electrical power output. The aim of this paper is to describe a novel multimorph cantilever structure in a free-standing form. Multimorphs consist of three laminar sections of lead zirconate titanate (PZT) of equal thickness 40 μm and length 18 mm were polarized in two modes; series and parallel. An optimum output power of 42 μW was measured when the series polarized sample was excited at its resonant frequency of 400 Hz.
I. INTRODUCTION
PIEZOELECTRICS [1] are attractive materials for fabricating vibration energy harvesters due to their relatively high output power density, when compared to alternative techniques such as electromagnetic [2] and electrostatic [3] energy conversion mechanisms.
Typically, piezoelectric materials are deposited onto inert substrates and clamped at one to form a cantilever structure to operate in a bending mode whereby the piezoelectric materials are stressed and hence generate electrical chargess as a result of d 33 piezoelectric effect.
Aluminum [4] , stainless steel [5] and silicon [6] are sometimes used as the substrate incorporated with piezoelectric materials to form an electro-active cantilever. The substrates, however, do not contribute directly to the electrical energy conversion, and merely act as a mechanical supporting platform, which can be excluded to form a freestanding multimorph structure, which only consists of piezoelectric materials and electrodes.
A free-standing multimorph structure offers a few advantages; one of which is the capability of integration with silicon technology. Structures such as multi-cantilevers, tapered cantilevers and other complex structures can be fabricated in a monolithic manner by using screen-printing techniques.
The chosen enabling technology for fabricating freestanding structures is similar to that used in the silicon micromachining technique and involves the use of a sacrificial layer [7] . In our study, the thick-film free-standing structure is released from the substrate as a result of burning off the carbon sacrificial layer on which the electrodes and piezoelectric materials were deposited.
The materials used to fabricate the composite piezoceramic cantilever are lead zirconate titanate (PZT), carbon, silver/palladium and an alumina substrate. The PZT pastes, for screen printing was formulated in-house with a mixture as described by Torah et al [8] . The carbon pastes formulated were similar to those describe by Birol et al [9] , while the Ag/Pd pastes were commercial systems obtained from ESL Inc [www.electroscience.com].
The free-standing multimorph structure is an extension of a previous study and the details of the fabrication process can be found in [10] . The main difference is that the PZT paste was printed and dried repeatedly for three cycles in order to achieve a thickness of 40 μm, before a layer of Ag/Pd of thickness 12 μm was printed on top of the dried PZT. The process was repeated to produce three laminar sections of PZT, separated by Ag/Pd electrodes to form a composite multimorph structure as shown in Fig.1 .
All three sections of the laminar PZT were then polarized at the same time using a DC voltage source of 220 V (which is equivalent to an electric field strength of 5.5 MV/m) at 200 °C. Two polarization modes were investigated; series and parallel.
A shaker was used to excite the multimorph samples at their resonant frequency, using a constant acceleration level of 50 m/s 2 . The electrical output from the samples was obtained by connecting their terminals in different configurations to identify the optimum method.
II. MULTIMORPH DESIGN
A multimorph structure, with one end rigidly clamped is shown in Fig. 1 The output voltage of a piezoelectric cantilever can be estimated with the model developed by Roundy et al [11] ,
where A in is the base input acceleration, ε is dielectric constant of the piezoelectric material, ζ T is the total damping ratio (the sum of electrical and mechanical damping ratio), C p is the capacitance of the piezoelectric material and E T is the elastic modulus of the composite structure.
One of the controllable factors that can be improved the output voltage is by increasing the distance between the PZT layer and the neutral axis of the multimorph structure, d. The d distance for a composite multimorph can be written as,
where h p1 , h p2 , h p3 are the thicknesses of lower, middle and upper sections of the PZT respectively. h e1 , h e2 , h e3 , h e4 are the thicknesses from the lowest to the top most of the electrode layers respectively, while H E is a parameter related to the elastic modular ratio, n E , which is given by, ( ) and the elastic modular ratio was obtained from transformedsection method [12] ,
III. EXPERIMENT SETUP Fabricated samples (Fig.2) of the dimensions shown in Table I were used to investigate the electrical output performance. The samples were polarized in series and parallel modes. In the series polarized sample, both the upper and lower PZT sections were polarized in the same direction toward the center section, creates an electrically neutral condition at the centre section, as shown in Fig. 3(a) .
In the parallel polarized sample, the upper section and lower section of the PZT were polarized in an opposite direction, where one facing into and the other facing out from the center section which creates an opposite polarized centre section as shown in Fig. 3(b) . The samples were tested on a shaker table (Fig. 4 ) operated at sinusoidal vibration over a range of different frequencies around the resonant frequency of the beam. The acceleration level was maintained at a constant level by using a feedback system. The accelerometer in the shaker measures the actual value of the frequency and acceleration level and is feedback into a control processor. A processed signal is generated, and it is amplified to drive the shaker to a desired acceleration level at a given frequency. The electrical output from the device is driven into a programmable resistance load and subsequently converted to a digital signal and is measured with National Instrument Sequence Test Program. The electrical output from both the series and parallel polarized samples was obtained by connecting the electrode terminals in a configuration that resembles series, parallel and a combination between these two connections. For example, a connection between electrode number 1 and 2 is denoted as 1;2. A connection to make electrode number 2 and 4 as terminal positive (shorting 2 and 4) and electrode number 1 and 3 (shorting 1 and 3) as terminal negative denotes as 2+4; 1+3. The ";" denotes a separation between two terminals.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A series polarised sample with a configuration of 1;4 (short 2+3) produces an electrical output voltage of 1.3 V at load resistance of 38 kΩ, which is the sum of the voltage produced by the upper and lower PZT layer of 0.6 V (at 19.5 kΩ) and 0.74 V (at 19 kΩ) respectively, which is equivalent to a series connection of two resistive components of PZT. The output power of upper and lower PZT are around 22 µW and 30 µW respectively and the parallel configuration produced an output power of about 42 µW, as shown in Fig. 5 . In the ideal case, the upper and lower PZT layer produce an equal electrical output. In practice, however, the thickness of each layer of the film is not uniform because of fabrication tolerances and therefore the centroid of the PZT is not precisely coincident with the neutral axis. This creates a discrepancy of electrical output as discussed above. Fig. 5 also shows that, when electrode 2 and 4 were connected as one terminal and, 1 and 2 as another terminal (2+4; 1+3), then a lower output power was generated at a lower optimum resistive load. This configuration is equivalent to a parallel connection of two resistive components of PZT. 6 shows an output current-voltage relationship of the terminal connected configurations. Series configuration (1;4 short 2+3) produces the highest output voltage at a lower output current, while a parallel configuration produces the highest output current at a lower output voltage. A series configuration function as a voltage source for applications requiring a higher output voltage and it is preferable to switch to a parallel configuration for applications require a higher output current.
A parallel polarised sample, however, generates a lower output power from its "series" connected configuration (2;4 short 1+3 and 1;3 short 2+4) compared to the series polarised sample, as shown in Fig. 7 . This is because the "series" configuration is actually equivalent to a combination of series and parallel configurations.
The maximum output voltage generated by a parallel polarised sample is lower than that generated from a series polarised sample as shown in Fig. 8 . This shows that, a series polarized sample is suitable to be used as energy harvester, while a parallel polarized sample is suitable to be used as an actuator, which would produce a same deflection of cantilever with a lower input voltage from the converse piezoelectric effect. 
V. CONCLUSION
The distance between the centroid of PZT to the neutral axis is one of the important factors in determining the electrical output for a free-standing cantilever structure. A free-standing multimorph structure offers two significant advantages over conventional piezoelectric cantilevers; one of which is its flexibility in fabrication and integration with microelectronic systems and the other one is the flexibility in switching between current and voltage source for energy harvesting applications. As expected from the experiment, a series polarized sample is suitable for use as an energy harvester, while a parallel polarized sample is preferred for actuator applications.
